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Exploration of novel electromagnetic phenomena is a subject of great interest in 
topological quantum materials. One of the unprecedented effects to be 
experimentally verified is topological magnetoelectric (TME) effect originating 
from an unusual coupling of electric and magnetic fields in materials. A magnetic 
heterostructure of topological insulator (TI) hosts such an exotic magnetoelectric 
coupling and can be expected to realize the TME effect as an axion insulator. Here 
we designed a magnetic TI with tricolor structure where a non-magnetic layer of 
(Bi, Sb)2Te3 is sandwiched by a soft ferromagnetic Cr-doped (Bi, Sb)2Te3 and a 
hard ferromagnetic V-doped (Bi, Sb)2Te3. Accompanied by the quantum 
anomalous Hall (QAH) effect, we observe zero Hall conductivity plateaus, which 
are a hallmark of the axion insulator state, in a wide range of magnetic field 
between the coercive fields of Cr- and V-doped layers. The resistance of the axion 
insulator state reaches as high as 109 W, leading to a gigantic magnetoresistance 
ratio exceeding 10,000,000% upon the transition from the QAH state. The tricolor 
structure of TI may not only be an ideal arena for the topologically distinct 
phenomena, but also provide magnetoresistive applications for advancing 
dissipationless topological electronics. 
 
Introduction 
Three-dimensional topological insulator (TI) is a novel state of matter hosting 
insulating bulk and conducting surface states as protected by time-reversal symmetry (1, 
2). When the time-reversal symmetry is broken, various exotic electromagnetic 
phenomena are predicted to occur (1–3). These include quantum anomalous Hall (QAH) 
effect (3–9), quantized magneto-optical effect (3, 10–14), and topological 
magnetoelectric (TME) effect (3, 15–18). The QAH effect and the quantum 
magneto-optical effect have already been demonstrated experimentally: The quantized 
Hall conductance (e2/h) at zero external magnetic field was observed in the QAH effect 
(5-9), and a universal relation between the Kerr and Faraday rotation angles irrespective 
of material parameters was observed to converge to the fine-structure constant a = 
e2/2e0hc in the QAH/QH state (12–14) (Fig. 1A). These quantum phenomena are 
comprehensively understood as a consequence of the axion electrodynamics of TIs, 
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named after the proposed mechanism to explain charge parity symmetry conservation of 
the strong interaction in particle physics (3, 19, 20). The TME effect is one other 
phenomenon derived from the axion electrodynamics, where the crossed induction of 
magnetization and electric polarization are expected to occur by applying external 
electric and magnetic fields, respectively (3, 15–17). Importantly, the magnetoelectric 
susceptibility for the crossed induction is given by the fine-structure constant a. Despite 
of its impact on fundamental physics, the observation of the TME effect remains an 
experimental challenge.  
Experimental difficulties for observing the TME effect lies mostly in finding an 
appropriate materials system (21–23). Potent examples include Weyl semimetals with 
strong electron correlation as exemplified theoretically in R2Ir2O7 (22) and AOs2O4 (23) 
(R: rare earth element, A: alkali metal element). However, their complexity of electronic 
structure calls for further research. The lead candidate is the axion insulator state of a 
ferromagnetic three-dimensional TI, where all the surface states are insulating while 
maintaining the non-trivial topology of the bulk state (3, 15–17). The axion insulator state 
has recently been demonstrated by engineering a TI heterostructure thin film of (Bi, 
Sb)2Te3 (BST) with magnetic ions (Cr) doped only in the vicinity of the top and bottom 
surfaces of the film (18). As a hallmark of the axion insulator, zero Hall conductivity (sxy) 
plateaus (ZHP) with simultaneous vanishing of longitudinal conductivity (sxx) were 
reported. Anti-parallel magnetization alignment of the two magnetic layers, i.e., 
magnetizations pointing upwards and downwards on the top and the bottom surfaces, 
respectively (Fig. 1B), makes all the surface states insulating to realize the axion insulator. 
The anti-parallel magnetization configuration arises from difference in the coercive fields 
(Bc) of the two magnetic layers. In the previous work, the difference was probably 
imposed by a vertical asymmetry of the heterostructure, and hence the magnetic field (B) 
for the axion insulator state was limited to a narrow range (e.g., 0.12 T < B < 0.15 T at 40 
mK). 
Towards the observation of TME effect, robust realization of the axion insulator 
state is strongly desirable in a wide range of external magnetic and electric fields (24, 25). 
Because the TME responses are expected to be proportional to the applied external fields, 
preparation of the axion insulator state in a wide range of magnetic and electric fields is 
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advantageous to obtain large TME signals. In addition, a highly insulating state of axion 
insulator is preferable to prevent from screening the electric field or from relaxation of the 
induced polarization charge. 
Here we report the realization of a robust axion insulator state by tailoring a 
tricolor structure of magnetic topological insulator thin film as shown in Fig. 1C. The 
tricolor structure was designed so that the two separated magnetic layers have different Bc. 
For the magnetic TI layers, we employed Cr (5–7, 9) and V (8) doped BST which were 
reported to exhibit the QAH effect. The values of Bc have been reported 0.2 T and 1 T for 
the Cr and V doped BST, respectively. Hence if the magnetic coupling of the two layers is 
weak, this film structure is expected to exhibit a double step magnetization reversal with 
anti-parallel magnetization alignment between the two coercive fields. To ensure the 
magnetic decoupling of the two layers, we insert a non-magnetic BST between the Cr- 
and V-doped layers. The total film thickness of 9 nm was chosen to weaken the 
hybridization between the top and bottom surface states (18, 26, 27).  In this tricolor 
structure (Fig. 1C), electrons on the bottom surface state interact with the Cr ions and 
those on top surface state interact with V ions. 
 
Results and Disscussion 
The tricolor-structure film of Cr-doped BST (2 nm)/BST (3 nm)/V-doped BST (3 
nm) (Cr-V doped BST) was grown by molecular beam epitaxy on InP(111) substrate (Fig. 
1C). To align the charge neutrality points for the top and bottom surface states, Bi/Sb 
ratio was modulated at the Cr-doped layer and the V-doped layer (section S1 in 
Supplementary Materials for more details). A 1-nm-thick BST was grown as a buffer 
layer between the substrate and the film for the improvement of the quality, providing 
enhancement in the observable temperature of QAH effect (9). We also prepared Cr-Cr 
and V-V doped bicolor TI heterostructure films (insets of Fig. 1F) for comparison. 
Cross-sectional scanning transmission electron microscope and energy dispersive X-ray 
spectroscopy observations proved that Cr and V ions are distributed in the film as 
expected (Fig. 1D) (see also fig. S2 for more details). The films were fabricated into 
shapes of Hall bar and Corbino disk for transport measurements (fig. S3).  
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Transport measurements on the Cr-V doped BST film were conducted at 60 mK 
using a dilution refrigerator. Figure 1E shows the magnetic field (B) dependence of the 
Hall (sxy) and longitudinal (sxx) conductivities in a Hall bar device. Double step 
transitions are observed in the B dependence of sxy. sxx has double peaks at the B of sxy 
transitions, otherwise sxx is almost zero. Between the two transitions in sxy, the ZHP is 
clearly observed in a range of 0.19 T < B < 0.72 T (see also fig. S4). Figure 1F shows the 
transport properties of the V-V doped (3 nm) and Cr-Cr doped (2 nm) BST 
heterostructure at 500 mK. The Bc of Cr-Cr doped and V-V doped films are 0.2 T and 0.8 
T, respectively. The transition fields of the Cr-V doped film (Fig. 1E) nearly correspond 
to the Bc of Cr-Cr doped (~ 0.2 T) and V-V doped (~ 0.8 T) heterostructures. The 
correspondence unambiguously shows that the ZHP originates from the anti-parallel 
magnetization alignment of the Cr- and V- doped layers. As shown in Fig.1F, precursors 
of the ZHP are seen in the B dependence of sxy in the V-V and Cr-Cr films as well. 
However, the anti-parallel magnetization in these films is probably induced by the 
unintentional difference in Bc between upper and lower magnetically-doped layers, 
therefore the observed B range for the ZHP is very narrow compared to the Cr-V film. 
In Fig. 2A, we show B dependence of sxy at various temperatures from 60 mK to 
20 K. A kink structure is observed around the sign changes of sxy below 9 K, which 
develops into the ZHP with lowering temperature. Below 300 mK, the ZHP is well 
established and the quantization of sxy to ±e2/h is clearly seen at B = 0 T. In Fig. 2B, the 
values of Bc are plotted in the T-B plane for the Cr-V doped and the Cr-Cr doped films. 
The Bc is determined from peak positions of dsxy/dB. The smaller and the larger Bc values 
are defined as Bc1 and Bc2, respectively. The area corresponding to the ZHP between 
QAH states is highlighted as a white region. Compared to the Cr-Cr doped film, the area 
of the ZHP is far extended in the T-B plane as designed. Bc1 of the Cr-V doped film 
roughly coincides with the Bc1,2 of the Cr-Cr doped film. The area of the ZHP is extended 
not only along the magnetic field axis but also along the temperature axis in the Cr-V 
doped film. Improved stability of the anti-parallel magnetization configuration is 
probably responsible for the increase in the observable temperature of the ZHPs. 
Next, we investigate robustness of the ZHP states against the application of 
electric field using two-terminal transport measurements on the Corbino disk. In Fig. 3, 
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we show current-voltage (I-V) characteristics of the Cr-V doped tricolor film at 60 mK. 
The I-V curve displays an insulating behavior up to |V| ~ 10 mV. Application of |V| > 10 
mV breaks down the insulating state, resulting in steep increase in I. We compare the I-V 
characteristics of the Cr-V doped film with those observed in the Cr-Cr doped film. The 
breakdown voltage of Cr-V doped film is about five times larger than that of the Cr-Cr 
doped film (|V| ~ 2 mV). Focusing on the I-V curves in the low voltage regime (the insets 
of Fig. 3), the two-terminal resistance reaches about 300 MW in the Cr-V doped film, 
which is about six times larger than that of the Cr-Cr doped film (50 MW). Thus, the 
stability of the axion insulator state against the electric field is also improved in the Cr-V 
doped film compared to the Cr-Cr doped film of the previous study (18). Although the 
relevant electric field direction for the TME effect is perpendicular to the film, the 
improved robustness against the in-plane electric field strongly suggests that the obtained 
axion insulator state is perhaps robust also to the perpendicular electric fields. 
The large two-terminal resistance of the axion insulator state leads to a gigantic 
magnetoresistance ratio. Figure 4A shows B dependence of two-terminal resistance (R2T) 
of the Hall bar device (width W = 300 µm and length L = 1 mm) at various temperatures. 
The R2T exhibits a butterfly shape when B is swept. The low resistance value of R2T = 28 
kW under the parallel magnetization configuration jumps up by about 9,000 times to 260 
MW under the anti-parallel magnetization configuration. When the field scan is stopped at 
0.38 T, the resistance value keeps increasing up to 2.8 GW with the elapsed time, perhaps 
because of the cooling down of the sample temperature which was increased during the B 
scan (fig. S5); this gives the magnetoresistance (MR) ratio [= (R2TAP – R2TP) / R2TP, where 
AP and P denote anti-parallel and parallel magnetization configuration, respectively] 
exceeding 100,000 (or 10,000,000%). The gigantic MR is demonstrated within 2 T, 
being distinct from the extremely large MR (XMR) reported for other topological 
materials, such as WTe2 (28) and NbP (29), by applying high magnetic field above 50 T. 
Even at 0.5 K, the MR ratio remains as high as 1,800%, which is comparable to the XMR 
at B = 2 T. One other important and distinctive feature of the MR ratio in the present 
system is that the low resistance value R2TP is mainly dominated by the Hall resistance. 
Therefore, R2TP takes a value close to h/e2 and does not strongly depend on the 
dimensions of the Hall bar. On the other hand, the high resistive value R2TAP scales with 
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the aspect ratio of the Hall bar as usual. As a result, the MR ratio associated with the 
QAH/axion insulator transition, which corresponds to the switching on/off of the chiral 
edge channels, becomes dependent on the Hall bar dimensions. 
The axion insulator state with such a high resistance is maintained even when the 
field is swept back to B = 0 T. Figure 4B shows the temperature (T) dependence of R2T at 
B = 0 T under AP and P magnetization configurations (T dependence of rxx and ryx 
measured in the Hall bar are plotted together). The resistance under AP magnetization is 
highly sensitive to the T. By increasing T from 60 mK up to 400 mK, R2TAP decreases by 
three-orders of magnitude. The high resistance values in Fig. 4A measured by scanning B 
probably suffered from the temperature increase during the B scan. This behavior 
contrasts to the R2T under P configuration which is mainly dominated by the Hall 
resistance and is only weakly dependent on T. 
In conclusion, we have realized the robust axion insulator state by tailoring a 
tricolor structure of magnetic TI selectively doped with Cr and V. Observed wide ZHP 
width (0.19 T < B < 0.72 T at 60 mK) with larger breakdown electric field are crucial 
improvements for the tests of TME effect. In addition, switching on/off of the chiral edge 
current by magnetization reversal of Cr-doped (soft ferromagnetic, Bc < 0.2 T) layer 
provides the gigantic MR ratio exceeding 10,000,000%. Because of the scale invariant 
nature of the QAH state, the MR ratio in the present system depends on the sample 
geometry. This singularity in the MR effect of the tricolor structure of magnetic TI would 
carve out a new strategy for electric circuit applications of chiral edge channels, in 
combination with the experimental technique of arbitrary magnetic domains 
writing/motion (30–32). 
 
Materials and Methods 
Thin film growth 
The TI heterostructures were grown by MBE system. The substrate was a 
semi-insulating (> 107 Wcm) InP(111)A and annealed at 380 °C in the chamber before 
growth. Bi, Sb, Te and Cr were evaporated from standard Knudsen cells, and V was 
evaporated from the Knudsen cell customized for a high-temperature use. For the 
growth of BST and Cr-doped BST, growth rate was ~0.2 nm min-1 and growth 
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temperature was kept at 200 °C. After the growth of intermediate BST layer, the film 
was annealed in situ at 380 °C for 30 min under exposure to Te. Subsequently, the 
V-doped BST layer was grown at a rate of 0.1 nm min-1 at 160 °C. After the growth, a 
3-nm-thick AlOx capping layer was immediately deposited ex situ by atomic layer 
deposition (ALD) at room temperature. 
 
Device fabrication 
The films were patterned to the Hall bars and Corbino disks by conventional 
photolithography, Ar ion-milling and chemical wet etching processes. For Ohmic 
contact electrodes, 3-nm-thick Ti and subsequent 27-nm-thick Au were deposited by 
electron-beam evaporation. The dimensions of the Hall bars are 1,000 × 300 µm which 
has voltage probes separated by 300 µm. The inner and outer radii of the Corbino disk 
are 250 µm and 400 µm, respectively. 
 
Transport measurement 
Electrical transport measurements of the devices were performed in a dilution 
refrigerator or the Quantum Design physical property measurement system (PPMS) 
under the control of magnetic field and temperature. Most of the measurements were 
performed by a standard lock-in technique with a fixed excitation current (1-10 nA) or 
voltage (0.1-5 mV) at low frequency (3 Hz). The I-V characteristic measurements were 
performed by a standard dc method. 
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Figures and Tables 
 
Fig. 1. Tailoring tricolor structure of magnetic TI and robust zero Hall conductivity 
plateau. (A and B) Schematic depictions of QAH and axion insulator states. 
Magnetization opens a gap in top and bottom surface states. When the magnetizations 
(arrows) are parallel (A), 1D chiral edge channels are formed on the side surface. When 
the magnetizations are anti-parallel (B), an energy gap opens also on the side surface. (C) 
Schematic structure of MBE-grown TI (BST) film doped with Cr and V used in the 
present study. The compositions: (x, y, z, w) = (0.24, 0.74, 0.15, 0.80). (D) Cross-sectional 
annular dark field scanning transmission electron microscopy (ADF-STEM) image (left) 
and net-count mappings of Cr (center) and V (right) obtained by an energy dispersive 
X-ray spectroscopy (EDX) of the Cr-V doped tricolor BST film, which are taken in the 
same area of the ADF-STEM image. x and z indicate in-plane and out-of-plane directions 
of the film. Black bar indicates 5 nm in length. On the ADF-STEM image, averages 
along x of net counts of Cr and V are indicated by green and red, respectively. (E) 
Magnetic field (B) dependence of Hall conductivity (sxy) and longitudinal conductivity 
(sxx) of the Cr-V doped BST film at 60 mK. (F) Magnetic field (B) dependence of sxy at 
500 mK in the Cr-Cr doped [Cr0.24(Bi0.26Sb0.74)1.76Te3] (shown in green) and the V-V 
doped [V0.15(Bi0.20Sb0.80)1.85Te3] (shown in red) bicolor TI heterostructures. Their growth 
profiles are depicted as insets with the respective thicknesses of layers. 
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Fig. 2. Magnetic field and temperature dependence of zero sxy plateau. (A) Magnetic 
field dependence of sxy at representative temperatures in the Cr-V doped tricolor TI film. 
(B) Color mapping of sxy for the Cr-V doped TI tricolor film and plots of peaks for 
dsxy/dB, which correspond to coercive fields (defined as Bc1 for smaller and Bc2 for 
larger) of the Cr-V doped tricolor film (shown in red) and the Cr-Cr doped bicolor film 
(shown in green) in T-B plane. 
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Fig. 3. I-V characteristics in tricolor and bicolor TI heterostructures. I-V curves 
under the anti-parallel magnetization configuration of the Cr-V doped tricolor BST (red) 
and the Cr-Cr doped bicolor BST (green) heterostructures, taken in a Corbino disk device 
at T~50 mK. For stabilization of the anti-parallel magnetization configuration, the 
external magnetic field is fixed at the minimum of conductivity (for the Cr-V doped BST, 
B = –0.38 T and for the Cr-Cr BST, B = –0.13 T). Upper (lower) inset: expanded scale of 
the I-V curve of the Cr-V (Cr-Cr) doped BST heterostructure. 
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Fig. 4. Magnetic field and temperature dependence of two-terminal resistance in 
Cr-V doped tricolor TI. (A) Magnetic field (B) dependence of two-terminal resistance 
(R2T) between current terminals in the Hall bar of the Cr-V doped BST film measured at 
various temperatures (T = 60, 140, 200, 300, 500 mK). (B) Temperature (T) dependence 
of R2T in the parallel/anti-parallel magnetization configuration under zero magnetic field. 
ryx and rxx measured by four-terminal probe are also shown. Inset: minor-loop-hysteresis 
of sxy at T = 60 mK, reversing B at –0.38 T. 
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